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Other Supplementary Material for this manuscript includes the following:
(available at advances.sciencemag.org/cgi/content/full/5/5/eaav9188/DC1) Data file S1 (.nb format). This Mathematica notebook file contains two main parts: (i) the detailed derivation of the different equations presented in text S3 and (ii) the implementation of the likelihood method presented in text S3 (quartet method) and its application to the dataset. Then, we analyzed triplets composed of two individuals of different species of a same clade and a third external species. We consider the following clades: A, B, Sitopsis, Comopyrum and (Ae. caudata + Ae. umbellulata). For clades A, Sitopsis and Comopyrum, hybridization indices were almost all lower than 10% and non-significant ( fig. S2.2 A,B,C) . Thus, we considered that hybridization between the ancestor of the clade and the MRCA of each species did not occur or was negligible. It was not the case for the B and (Ae. caudata + Ae. umbellulata) clades that showed clear signature of hybridization ( fig. S2 .2 D,E). As expected, these two clades were poorly supported in the super-tree analysis (Fig. 2) .
• Fig. S2 .2. Distribution of hybridization indices for triplets composed of two individuals from two sister species and a third one. Transparent (resp. plain) parts correspond to nonsignificant (resp. significant) indices (p threshold = 10 -6 after Bonferroni correction). The scale differs among plots but the same 0.1 threshold is represented by the dotted line. Same colors as in Fig. 1 .
Within the B clade, Ae. mutica appeared as a potential hybrid between Ae. speltoides and species of both the A and D clades to different levels. This is surprising because Ae. mutica also clearly appears as a potential parent of the D clade ( Fig. 3 in main and Ae. tauschii, had to be considered separately. This grouping allowed reducing analyses to eight ingroup taxa.
Next, we considered the triplets composed of Ae. tauschii, Sitopsis and another species, and Comopyrum, (Ae. caudata + Ae. umbellulata) and another species ( fig. S2.3 ). For both, some hybridization indices were higher than 10% and up to 50%. Accordingly, the two clades were also poorly supported by the supertree analysis ( Fig. 1 in main text) . With three taxa, only three rooted topologies are possible, leaving two degrees of freedom to estimate scenario parameters. As already noted for inferring the direction of introgression events (25), using four taxa allows for more degrees of freedom. 18 labeled and rooted trees are possible (15 topologies but 18 trees considering the order of coalescent events) (51) leading to 14 polarized bi-allelic sites patterns. Among them, four correspond to non-informative derived singletons. This leaves ten informative site patterns ( fig. S3.1) , so nine degrees of freedom, to infer scenarios, which is sufficient for four taxa and up to two hybridization events that can be described with eight parameters (see below and fig. S3.3) . Here, we show how to write the probabilities of the ten site patterns under a four-taxon multi-species coalescent model with up to two hybridization events. From this, it is straightforward to write the likelihood of an observed vector of site patterns as a multinomial sampling with the expected vector of probabilities. We first derive the model, and then we apply it to two quadruplets (text 
Fig

Rationale
To obtain the probability of a given site pattern, we need to compute both the probabilities of the compatible gene tree topologies and the expected length of branches for which the occurrence of a mutation leads to the given pattern. Then, to obtain the probabilities for a full scenario we need to take the weighted sum of all possible gene trees embedded in the four-taxon hybridization network. More formally, let note | the expected length of the branch where a mutation leads to site pattern i for a given gene tree . Assuming an infinite site model with a Poisson mutation process, the total expected number of mutations corresponding to site pattern i is ∑ ( ) | , where u is the mutation rate and L the length of the alignment. The sum is over all possible gene trees embedded in the network. Note that | can be null. The probability of site pattern i, p i , is thus
Note that Lu terms cancelled out in this expression. We first show how to compute | and then the probability distribution, ( ).
Expected number of site patterns given a coalescent tree
For four sequences, there are only two possible tree shapes, either symmetrical or asymmetrical ( fig S3. 2). Given the order of the trees in fig. S3 .2, symmetric coalescent gene trees lead to the two site patterns: 1100 or 0011 with expected number 1 and 2 , respectively. Asymmetric coalescent gene trees lead to the two sites patterns: 1110, and 1100 with expected numbers 1 and 2 , respectively. All other patterns cannot be observed. 
Decomposition of a two-reticulation network to compute embedded coalescent trees
For scenarios with two non-nested reticulations, parental species trees are displayed by the network and hybridization, so coalescent processes can be easily decoupled (47). We can first decompose the problem into four four-taxon parental trees with either a symmetric or an asymmetric topology ( fig. S3.3A ,B see fig. S3 .4A for an example), then compute the topologies' probabilities and branch lengths of coalescent trees embedded in each parental tree, and finally compute the weighted average of the pattern frequencies of the four parental trees (with their respective weights given by the hybridization rates and the branch lengths).
For scenarios with two nested reticulations, hybridization and coalescent processes cannot be easily decoupled: when two (or more) lineages descend from a hybridization node some parental trees are not displayed by the network and decomposition of the network into parental trees requires conditioning on both hybridization and coalescent events (47). If only one species is
issued from two nested hybridization events, the initial network can be decomposed into two species trees ( fig. S3 .3A,B) and one one-reticulation species network ( fig. S3 .3C, see fig. S3 .4B for an example). If two species are issued from the nested hybridization events then the network cannot be decomposed ( fig. S3.3D ), and all possible coalescent trees must be computed directly on the network. This case will not be considered further because it will not be needed in our analyses. Note that our model can be extended to more than two hybridization events but some parameters will not be identifiable.
For a fixed taxon-tree or taxon-network topology, the probabilities of the different topologies of embedded coalescent trees and the expected coalescent times t 1 and t 2 (notations of fig. S3 .2) are functions of effective population sizes, N i, and divergence times  i (51). Note that t is used for coalescent times whereas  is used for species divergent times. Because one of the effective sizes is unidentifiable we choose to measure time in 2N 0 generations -N 0 is the ancestral effective size -and we thus introduce the relative coalescent rates = are given as a function of coalescent rates instead of effective population sizes.
Combining trees and one-reticulation networks into a full scenario
According to the decompositions presented above, equation (S3.1) can thus be rewritten by a nested sum of the components ℂ (species tree or one-reticulation network) of a scenario and of gene trees embedded in each component
Consider a four-taxon species tree with two hybridization events with proportions of the parental lineages being  1 and 1 - 1 for the first hybridization event and  2 and 1 - 2 for the second one.
The two kinds of decomposition (four trees and two trees + a one-reticulation network) are illustrated on fig. S3 .4. Each tree can be described by two divergent times and two coalescent rates, and the one-reticulation network by two divergent times, three coalescent rates and one hybrid proportion. Because some parameters are shared among trees or trees and network, any scenario can be described with eight parameters: two divergent times, four coalescent rates and two hybrid proportions (see example on fig. S3.4) . Recall that T are used for hybridization times in the global scenario whereas are used for divergence times in the components of the decomposition (using notation on fig S3. 3). The two times are not necessary equal as illustrated in the two examples below ( fig. S3.4) . Networks with non-nested hybridizations can be decomposed into four trees in proportions  1  2 ,  1 (1 - 2 ), (1 - 1 ) 2 and (1 - 1 )(1 - 2 ). Noting l 1 to l 4 the vectors of branch lengths leading to the ten different site patterns for the four trees (l j = {d j1 , d j2 ,…, d j10 }), the vector of probabilities for the full network is thus
where K is a normalization constant such that ∑ = 1 10 =1
Networks with nested hybridizations considered in this paper (i.e., of the form shown on fig.   S3 .4) can be decomposed into two trees in proportions  1  2 , (1 - 1 ) 2 and one one-reticulation network in proportion (1 - 2 ). Noting l 1 and l 2 the vectors of branch lengths for the two trees and the vector for the one-reticulation network, the vector of probabilities for the full network is thus
where K is the normalization constant.
Noting v the vector of the number of observed positions corresponding to the ten bi-allelic patterns, the likelihood of a full network is thus given by the multinomial distribution
By fixing either 1 or 2 to 0 or 1 we obtain a scenario with only one reticulation and fixing both parameters to 0 or 1 a tree-like scenario without any reticulation. A scenario with one reticulation has six free parameters and without any reticulation only four. As all scenarios cannot be nested in each other, we used Akaike Information Criterium (AIC) to compare them where AIC = 2k -2ln(L). Below we show how to compute the p vectors.
Computation of expected numbers of site-patterns for a fixed taxon tree or taxon network
The Following this rationale, all results are listed below. We introduce the following notation:
, ( , ) for the probability of coalescence of i sequences among n before a given time .
Expected branch length conditioned on some coalescent event are also necessary to describe the system. They are noted W, X, Y, Z according to fig. S3.5 and fig. S3 .6. The interpretation of W is given above. X is the expected length of the internal branch (a,b,c) given that the three sequences coalesced before 1 ; Y is the expected length of the internal branch of two sequences (a and b, a and c or b and c) given that the three sequences coalesced before 1 ; Z is the expected length of the internal branch of two sequences (a and b, a and c or b and c) given than they coalesced before 1 but not with the third one. Their derivations are provided at the end. .5B) The same rationale can be used but there are now five possible combinations: 1) With probability 2,2 ( 1 , 1 ) 2,2 ( 2 , 2 ) = (1 − 5) With probability (1 − 2,3 ( 1 , 1 ) − 3,3 ( 1 , 1 )) (1 − 2,2 ( 2 , 2 )) = − 1 1 − 2 2 , no coalescence occurs during 1 + 2 . This is equivalent to situation 4) of the symmetric tree (see above).
By combining these five possibilities we obtain the probabilities of the ten site patterns as summarized in table S3.2. 
One-reticulation taxon network (figs. S3.3.C and S3.6)
This case is more complicated because we need to condition jointly on coalescence probabilities and on hybridization paths. All possible trees can be enumerated by decomposing the process as described on fig. S3 .6.
A) With probability 2,2 ( 2 , 2 ) = 1 − − 2 2 , b and c coalesce during  2 1. With probability 1 the hybridization path 1 is followed: i) With probability 2,2 ( 1 , 
Same for 1,2,3 and 4) iv)
1. With probability 1 (1 − 1 ) b follows path 1 and c follows path 2. This equivalent to a symmetric tree as presented above with 1 = 1 , 2 = 1 and 2 = 1 , i.e. cases i) to iv) on fig. S3 .6 are equivalent to the four cases of a symmetric tree. 
Derivation of equations for coalescence probabilities and expected branch lengths
For the following derivations we need some classical results of coalescent theory (51). Noting n the sample size and  the coalescent rate, we introduce the following functions:
The probability distribution of coalescence of two sequences among n ( , ) = ( 2 ) − ( 2 ) The probability distribution of the time to the most recent common ancestor (TMRCA) of n sequences
Below we will only need 
Probabilities of coalescence
The probabilities of the different coalescent combinations depend on the probability of coalescence of i sequences among n before a given time  , ( , ). We have: , ( , ) corresponds to the probability of TMRC ≤ , so If there is no constrain on the coalescent process, which is the case in the ancestral population, branch lengths are given by classical results of coalescent theory(51). In coalescent unit (1/ ), the expected branch lengths of the four kinds of tree are as follows: However, for the colored branches on fig. S3 .5 their lengths are conditioned on one or two coalescent events having occurred during a given time (a divergent time of the taxon tree). We now derive these conditioned times. We note , the coalescent time of i sequences among n.
W is the divergent time, , minus the expected coalescent time (= TMRCA) of two sequences, conditioned on coalescence before
X is the divergent time, , minus the TMRCA of three sequences, conditioned on the TMRCA being more recent than
Y is the expected coalescent time of two sequences among three conditioned on the TMRCA of the three sequences being more recent than
We first need to obtain the probability distribution of 2,3 | 3,3 that is the convolution of 2,3 and
From this we thus obtain We also tested scenarios with no or only one hybridization. With no hybridization we only considered the topology corresponding to the main tree ( Fig. 1) and with one hybridization only the cases where either the D clade or Ae. mutica were hybrids. All results are presented in table S4.2 and the two-hybridization scenarios are also given in the main text (Fig. 4) . Scenario 4 is clearly the most likely scenario, whatever species from the A and D clade is chosen, except for one pair of species where it is the second most likely with a close AIC. Although the fit is not perfect, the AIC of the best model is rather close to the AIC of the saturated model, indicating a reasonably good fit of the two-hybridization scenario.
Scenario 1 Scenario 3 Scenario 2 Scenario 4 
Text S5. Pattern of hybridization indices along chromosomes
Under the hypothesis of a simple and single hybridization event, blocks of parental genomes should be detectable along chromosomes (19, 20) . Here, the corresponding signature should be an alternation of hybridization index close to 0 and close to 1. We focused on the hybrid origin of the D lineages and re-computed the hybridization index with (A, Ae. mutica, D) triplets along chromosomes, using the Hordeum genome as a reference. As for the 10-Mb concatenations alignments obtained for drawing the cloudogram on Fig. 1 (see Material and Methods), we kept only gene clusters with at most one sequence per individual and including only one Hordeum gene with a physical position. This position was used to concatenate genes along chromosome on 10-Mb windows. We only kept windows with at least three genes, so 5976 genes were kept in total. In D, we excluded the Sitopsis clade that has likely experienced a secondary introgression event from Ae. speltoides. We then took the mean of the index for each 10-Mb window. The index distribution is roughly bell-curved with no extreme values (0 or 1) ( fig. S5.1 ) without any specific pattern along chromosomes, especially no excess of extreme values in the center of chromosomes where recombination is strongly reduced ( fig. S5 .2). This shows that there is no large block of pure A or B origin in D genomes, as it would be expected under a simple homoploid hybrid speciation scenario (8, 9).
To confirm this conclusion we ran simple simulations. We drew a series of consecutive genomic segments in a Poisson distribution with different means (in Mb unit) and alternatively attributed values 0 (A origin) or 1 (B origin) to these segments. Then the hybridization index was computed as the mean over 10-Mb windows. fig. S5 .3 clearly shows that the mean size of blocks of pure A or B origin should be lower than the chosen 10-Mb windows size.
To test whether a loss of synteny could also lead to the observed pattern despite a strong initial bloc structure, we ran another series of simulations where chromosome rearrangement were allowed after the establishment of the bloc structure. For each rearrangement, we randomly drew a position (x) along a chromosome in a uniform distribution and a size in a Poisson distribution (s). We extracted the fragment with coordinates {x, x + s} and we replaced it randomly by drawing a new position in a uniform distribution. The fragment was replaced in the initial or in the reverse order with probability ½. We applied this rearrangement procedure n times recursively. As we expected the strongest effect when the sizes of rearrangements are of the same order of the size of the genomic blocks, we chose the same mean of the Poisson distribution for s and for the block size. Results are presented for mean genomic blocks of size 10 Mb, which is the limit for which we should have detected a block structure. For a typical chromosome of size 500 Mb, simulations showed that more than 100 consecutive rearrangements are needed to erase the expected block structure ( fig. S5.4 ). Note that even for 100 rearrangements, there is still an excess of genomic windows with index values of 0 or 1. The previous conclusion that the mean size of genomic blocks should be lower than 10 Mb is thus robust to extensive rearrangements. 
